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ABSTRACT
We evaluate the degradation of the accuracy of the component separation between the cosmic
microwave background (CMB) and foreground components caused by neglect of absorption of the
monopole component of the CMB by the galactic interstellar matter. The amplitude of the temper-
ature anisotropy caused by the CMB shadow, due to dust components, is about 1µK. This value
is comparable to the required noise level necessary to probe non-Gaussianity studies with upcoming
CMB experiments. In addition, the amplitude of the polarization caused by the CMB shadow due to
dust is comparable to or larger than the RMS value of the CMB B-mode polarization, imprinted by
primordial gravitational waves. We show that applying a single-power law model as the dust spectrum
to observed multifrequency data introduces systematic errors, which are comparable to or larger than
the required noise level for forthcoming CMB B-mode polarization experiments. Deducing the intrinsic
spectrum of dust emission from the submillimeter waveband data reduces systematic error below the
required noise level. However, this method requires dust temperature measurements with an accuracy
of better than a few percent. We conclude that the CMB shadow due to dust must be considered in
future CMB missions for achieving their targeted sensitivity. Our results will be important to detect
the primordial CMB B-mode polarization, with the amplitude of the tensor-to-scalar ratio of r = 10−3.
Keywords: cosmic microwave background — dust, extinction — infrared: ISM — submillimeter: ISM
— radiation mechanisms: general
1. INTRODUCTION
The galactic interstellar foregrounds are a serious
obstacle for high-precision observations of the cosmic
microwave background (CMB) temperature anisotropy
and polarization. Separation of the CMB from syn-
chrotron emission from relativistic electrons, free-free
emission from ionized gases, and thermal emission from
dust at microwave frequencies, has been widely stud-
ied (Rybicki & Lightman 1979). However, absorption
of the CMB as a function of these components has not
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been considered in the component separation. Accord-
ing to Kirchhoff’s law, emission mechanisms accompany
finite absorption. The absorption of the CMB monopole
due to the galactic interstellar matter causes apparent
temperature anisotropy and E- and B-mode polariza-
tion. In the present component separation methods,
these effects are incorporated as part of the emission
models. We refer to the apparent CMB temperature
anisotropy and the CMB polarization imprinted by the
absorption of the CMB monopole, due to the interstel-
lar matter as the CMB shadow. The forthcoming CMB
experiments will include LiteBIRD (Matsumura et al.
2014); the CMB-S4 (Carlstrom et al. 2019); the Si-
mons Array (Arnold et al. 2014); the Simons Observa-
tory (Ade et al. 2019), requiring extremely high preci-
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sion measurements of the CMB temperature anisotropy
and the CMB polarization. Improper treatment of the
CMB shadow would have a significant impact on achiev-
ing these scientific goals.
In this paper, we perform quantitative studies of the
CMB shadow and show that improper treatment of it
could prevent upcoming CMB polarization experiments
from realizing their full scientific potential.
2. APPARENT CMB TEMPERATURE
ANISOTROPY DUE TO INTERSTELLAR
ABSORPTION OF THE CMB MONOPOLE
Apparent CMB temperature anisotropy, caused by
the interstellar absorption of the CMB monopole, is ex-
plored. Main emission mechanisms of the galactic in-
terstellar matter at microwave frequencies are the syn-
chrotron emission, the free-free emission, and the emis-
sion from interstellar dust grains. The absorption coef-
ficient associated with synchrotron, which is defined as
the optical depth per unit length, is given by Kirchhoff’s
law. The absorption optical depth associated with the
synchrotron emission, τ syncν , due to relativistic electrons
spiraling in the magnetic field, is is defined by the fol-
lowing equation (see, e.g., Rybicki & Lightman 1979),
Isyncν =
τ syncν
4π
P syncν
αsyncν
, (1)
where Isyncν is the observed intensity of the synchrotron
emission, P syncν is the power of the synchrotron emission
per unit volume per unit frequency, and αsyncν is the
absorption coefficient associated with the synchrotron
emission. The normalization of the intensity is cho-
sen so that the brightness temperature at 408MHz is
20K (Planck Collaboration et al. 2016a). This is a typ-
ical value in the galactic halo region. It is well-known
that the single-power law model is not a good approx-
imation of the spectrum of the galactic synchrotron
emission from 400MHz through 100GHz. The spec-
trum curves at approximately a few GHz (Davies et al.
2006). The main purpose of this paper is to esti-
mate the order of magnitude of the synchrotron ab-
sorption: this includes modeling the energy distribution
of relativistic electrons that emits synchrotron emission
from 400MHz through 100GHz by a single-power law
model, and to assess whether it is sufficient. The ratio
αsyncν /P
sync
ν is calculated from the formulae described
by Rybicki & Lightman (1979). The synchrotron ab-
sorption optical depth is described by the following for-
mula,
τ syncν = τ
sync
0
(
ν
ν0
)
−
p+4
2
, (2)
where p is the spectral index of the energy distribu-
tion of relativistic electrons, τ sync0 is the synchrotron
absorption optical depth at ν0 = 408MHz, and 6µG
is adopted as for the strength of the Galactic mag-
netic field component perpendicular to the line of sight
(Beck & Wielebinski 2013).
The absorption coefficient of free-free absorption is
modeled as,
αffν = α
ff
0 gff(ν, Te)
(
ν
ν0
)
−2
, (3)
where gff is the Gaunt factor, which is a function
of the frequency ν and the electron temperature Te.
We adopted the Gaunt factor model used in the
Planck Collaboration et al. (2011). The reference value
αff0 is set, so that EM is reproduced as 13 cm
−6 pc
(Planck Collaboration et al. 2016a). This is a typical
value in the galactic halo region.
The galactic dust emission is modeled as a superpo-
sition of thermal emission from dust grains, for which
the frequency dependence of the emissivity is modeled
by a single-power law model and the anomalous mi-
crowave emission (AME), originating from the spinning
dust. Although the emission mechanism of AME has
not been clarified yet (Draine & Lazarian 1998; 1999;
Nashimoto et al. 2020), quantitative differences of CMB
absorption among these models are not significant. We
adopt the spinning dust model prediction of the absorp-
tion coefficient, associated with AME, as a representa-
tive model.
The absorption coefficient associated with the thermal
emission from dust grains is described as,
αdν = α
d
0
(
ν
ν0
)βd
. (4)
The reference value αd0 is determined, so that the op-
tical depth of the dust is 4.50 × 10−6 at 353GHz
(Planck Collaboration et al. 2014a). This is a typical
value in the galactic halo region.
The absorption coefficient due to spinning dust is ex-
pressed as (Draine & Miralda-Escude´ 2018),
αspν =α
sp
0
(
ν
νT
)4
exp
[
−
(
ν
νT
)2]
, (5)
νT≡
√
15kBTrot
16π3ρa5
, (6)
where kB is the Boltzmann constant, a is the dust ra-
dius, ρ is the mass density of a dust grain, and Trot
is the rotational temperature. Another reference value
αsp0 is set, so that the peak value of spinning dust emis-
sion becomes 10−4 times the far infrared peak value of
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Table 1. applied values for each parameter
Parameter Value Reference
p 3 —
Te 7000K Planck Collaboration et al. (2016a)
βd 1.62 Planck Collaboration et al. (2014a)
a 5 A˚ —
ρ 2 g cm−3 —
Trot 50K Draine & Miralda-Escude´ (2018)
the dust thermal emission: this is the typical value in
galactic clouds (e.g., Planck Collaboration et al. 2014b).
Applied values for each parameter are listed in Table 1.
The extinction of the CMB monopole due to scatter-
ing by the interstellar matter is negligibly small. First
of all, the Thomson scattering of the CMB monopole
by thermal electrons has no effect on the CMB inten-
sity distribution and does not imprint any polarization
signal. Consider the scattering of the CMB monopole
by a single electron. The electron scatters the CMB
photon isotropically since the incident flux of the CMB
monopole is isotropic and uniform. Therefore, no net
effect on the intensity distribution is imprinted on the
intensity distribution. Because there is no preferred di-
rection for the electron, no polarized signal is imprinted.
Spectrum distortion and polarized signal caused by the
inverse Compton scattering of the CMB monopole by
thermal electrons (Birkinshaw 1999) are negligibly small
because the Compton y-parameter is order of 10−10 and
the optical depth times square of the ratio between tan-
gential bulk velocity of the thermal electron system rel-
ative to the CMB rest frame (where we use a Solar Sys-
tem peculiar velocity of 369.0 km s−1 with respect to the
CMB rest frame by Hinshaw et al. 2009) and the speed
of light is also order of 10−10. The number density of the
relativistic electrons, which is evaluated by the energy
equipartition between the energy density of the relativis-
tic electrons with Lorentz factors from 300 to 104 and
that of the galactic magnetic field of 6µG, is eight orders
of magnitude less than that of the thermal electrons.
Therefore, the scattering by the relativistic electrons is
also negligible. Rayleigh scattering due to dust in mi-
crowave is negligible because the scattering cross section
is order of magnitude smaller than the absorption cross
section.
The spectra of CMB shadows due to each component
of the galactic interstellar matter are shown in Fig. 1.
For comparison, the spectrum of the CMB temperature
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Figure 1. The spectra of the CMB shadows due to each
component of the galactic interstellar matter. The solid
curve is the spectrum of the CMB temperature anisotropy
with δT = 70µK.
anisotropy with δT = 70µK, which is the RMS value
at ℓ ≃ 180, is overlaid. The amplitude of the tempera-
ture anisotropy caused by the CMB shadow due to dust
is about 1µK. This is approximately 1% of the RMS
value of the first acoustic peak of the CMB temperature
anisotropy, and is comparable to the required noise level
to achieve the goal of non-Gaussianity studies by next-
generation CMB experiments (Sohn & Fergusson 2019).
Their relative contributions to the CMB temperature
anisotropy become smaller as the frequency becomes
lower from their peak frequencies. The synchrotron ab-
sorption and free-free absorption is less than 0.1µK in
the frequency band, higher than 10GHz. Therefore,
the CMB shadow has a negligible contribution for ex-
tracting the first acoustic peak of the CMB tempera-
ture anisotropy from the microwave data in the galac-
tic halo region. However, we must pay attention to
the CMB shadow when the component separation to-
ward the galactic disc directions and molecular clouds
are carried out. Further, the CMB shadow presents a
nonnegligible effect in order to achieve the goal of non-
Gaussianity studies, based on next-generation CMB ex-
periments (Sohn & Fergusson 2019).
3. POLARIZATION CAUSED BY INTERSTELLAR
ABSORPTION OF THE CMB MONOPOLE
The polarization component of the CMB shadow, due
to each interstellar component, is estimated by multi-
plying Eqs. (2)–(5) by the degree of polarization. For
simplicity, the frequency dependence of the degree of po-
larization is neglected in this study. The polarization de-
gree of synchrotron emission is set at 10%, which is 3%–
5% toward the galactic plane and increases above 20%
with increasing the galactic latitude (Kogut et al. 2007).
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Figure 2. The polarized spectra of the CMB shadows due
to each component of the galactic interstellar matter.
Since the free-free emission is not polarized except at the
edges of the H II regions, the polarization degree of the
free-free emission is assumed to be zero (Macellari et al.
2011). The degree of polarization of the thermal emis-
sion from dust is set at 7% (Planck Collaboration et al.
2015). Polarized AME has not been detected so far,
and it is unclear if AME is polarized. The deepest upper
limit, regarding polarization degree of the AME, is given
by QUIJOTE as 0.1%–1% (Ge´nova-Santos et al. 2015;
2017). Prediction of the polarization degree of the AME
is ranging from a few percent (Draine & Hensley 2013)
to 10−4% (Draine & Hensley 2016). Considering the
number of model predictions of the polarization degree,
we examine two cases. One occurs when the polariza-
tion degree of the AME equals the observed upper limit
of 0.1%. The other occurs when the polarization degree
of the AME equals the spinning dust model prediction
of 10−4%. Since it is observationally clear that one-
third of the polarization spectra of synchrotron emission
and dust thermal emission contribute to the B-mode
(Krachmalnicoff et al. 2018; Planck Collaboration et al.
2016b), one-third of the degree of polarization is con-
sidered as the degree of polarization for the B-mode
polarization emission. Therefore, one-third of the po-
larization of CMB shadows are treated as their B-mode
components. The E-mode of the CMB shadow is twice
as strong as the B-mode of the CMB shadow.
Fig. 2 shows the spectra of the B-mode polarization of
the CMB shadow due to each component of the galactic
interstellar matter. The spectrum of the CMB E-mode
polarization, with the amplitude of the RMS value, cal-
culated the best-fitting ΛCDMmodel from Planck, using
CAMB (Lewis et al. 2000) at around ℓ = 100, or 0.86µK,
is overlaid. Since the amplitude of the E-mode polar-
ization originating from the CMB shadow due to dust
is twice the amplitude of the B-mode due to the CMB
shadow (Planck Collaboration et al. 2016b), the ampli-
tude of the E-mode polarization caused by the CMB
shadow due to dust is estimated at about 0.02µK at
the peak frequency, as seen in Fig. 2. The high precision
measurement of the reionization bump appearing in the
CMB E-mode polarization power spectrum requires a
noise level of E-mode polarization measurement, better
than 0.03µK (Matsumura et al. 2014; Ade et al. 2019;
Carlstrom et al. 2019). The CMB shadow introduces
systematics at the required noise level.
In Fig. 2, the CMB B-mode polarization spectra are
overlaid. Their amplitudes of the RMS values are pre-
dicted from the value of the CMB B-mode polariza-
tion at the recombination bump, originating from the
primordial gravitational waves, with an amplitude of
r = 0.01 and r = 10−3, which are targeted by the cur-
rent CMB experiments and the upcoming CMB exper-
iments, respectively. It shows that the CMB B-mode
polarization, due to the absorption associated with the
synchrotron emission, is negligibly small compared to
that of the B-mode polarization in the frequency range
higher than 10GHz. On the other hand, the amplitude
of the B-mode polarization caused by the CMB shadow
due to the dust exceeds the amplitude of the CMB B-
mode polarization with r = 0.01 at frequencies above
100GHz.
4. SYSTEMATIC ERRORS INTRODUCED BY
IMPROPER TREATMENT OF THE CMB
SHADOW
In this section, we quantify the error made by neglect
of CMB monopole absorption when modeling thermal
dust emission with a power-law emissivity. Since the
effect is much more significant to the CMB B-mode po-
larization measurement than the E-mode measurement,
the quantitative estimation is performed for the B-mode
measurement. The effective dust polarization spectrum
P effν after subtracting the CMB shadow is described by:
P effν =P
d
ν − τ
d
νΠ
d
νBν(TCMB)
= τdνΠ
d
ν [Bν(Td)−Bν(TCMB)] , (7)
where Td is the dust temperature, which is about 19.7K
(Planck Collaboration et al. 2014a), TCMB is the CMB
temperature, which is 2.725K (Mather et al. 1999), τdν
is the dust optical depth, Πdν is the polarization fraction
of dust, P dν is the intrinsic dust polarization spectrum,
and Bν is the Planck function. Since the direction of the
polarization caused by the CMB shadow due to dust is
perpendicular to the polarization direction of the dust
emission, the polarization caused by the CMB shadow
is subtracted from the polarization intensity of the dust
emission in Eq. (7). In the current standard polarization
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Figure 3. The difference in the effective polarization emis-
sion from dust estimated by the single-power law fitting for
the effective polarization emission. The line styles of the
curves correspond to the frequency bands used for fitting.
The grey colored regions correspond to r < 3×10−4, 3×10−3,
and 0.01 in order of darkness.
experiment, the dust polarization spectrum is modeled
as a single-power law spectrum. It is self-evident that
the effective dust polarization spectrum is not described
by a single-power law model in any frequency range,
even if the intrinsic spectrum of thermal emission from
the dust is adequately approximated by a single power-
law model.
The systematic errors introduced by applying a single-
power law model as dust spectra are quantitatively esti-
mated. The intensity spectrum of the thermal emission
from the dust is assumed to be described by a single-
power law model, with a spectral index of βd = 1.62.
The contribution of the CMB B-mode polarization itself
is neglected. We suppose that noiseless polarization ob-
servations are performed at 90, 150, 220, and 350GHz.
The delta function is adopted as a bandpass model for
simplicity. The degree of polarization is assumed to be
constant over this frequency range. Five combinations of
the observed frequency bands are considered. For each
case, the best-fit single-power law model is obtained by
least-square fitting to the observed distribution of the
polarization intensities. Fig. 3 shows residuals after sub-
tracting the best-fit single-power law model prediction
from the true effective dust B-mode polarization spec-
trum. The amplitude of the residual is normalized by
the B-mode polarization spectrum with the amplitude
of r = 0.01. If the contribution from the CMB shadow is
zero, the amplitude of the residual is also zero. It shows
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Figure 4. The difference in the effective polarization spec-
trum from dust calculated by the power-law fitting for the
dust optical depth. The line styles of the curves correspond
to the frequency bands used for fitting. The thin dotted
curve is the residual when the dust temperature is misesti-
mated as Td = 17K. The grey colored regions correspond to
r < 3× 10−4, 3× 10−3, and 0.01 in order of darkness.
that when two frequency bands are used to subtract the
dust contribution with a single-power law model, select-
ing 90 and 150GHz is the best choice, as this combi-
nation has the smallest residual around the CMB peak
frequency. The inclusion of the higher frequency band
increases the residual, and renders less precision in the
accuracy of the fitting. When the effective dust polar-
ization spectrum is fitted by a power law using only high
frequency bands (220 and 350GHz), the residual is large
and comparable to the amplitude of the B-mode polar-
ization spectrum with r = 0.01 from 100 to 160GHz.
Except for the combination of 90 and 150GHz bands,
the residual is comparable to or larger than σr = 3×10
−4
in the frequency range of 90 to 150GHz. The 1-σ er-
ror of the tensor-to-scalar ratio of σr = 3 × 10
−4 is
the requirement to achieve 3-σ detection of the CMB
B-mode polarization with the amplitude of r = 10−3
(Matsumura et al. 2014).
One solution to overcome the degradation of the
single-power law model fitting, in multifrequency band
observations, is proposed as follows. First, the dust po-
larization spectrum in the submillimeter wavebands is
fitted by a single-power law model to extract the intrin-
sic dust polarization spectrum. Next, the effective dust
polarization spectrum in the CMB frequency bands is
estimated by using Eq. (7). Fig. 4 shows the residual af-
ter subtracting the dust polarization spectrum, obtained
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by applying this method from the true effective dust
polarization spectrum. Four combinations of observed
frequency bands to deduce the dust polarization spec-
trum are considered, as seen in Fig. 4, showing that the
combination of 550 and 860GHz is the best choice to
minimize the systematics. The inclusion of 350GHz de-
grades the fitting results drastically, because the CMB
shadow has a nonnegligible effect at 350GHz. Even with
the combination of 550 and 860GHz bands, systematic
errors can be significant if dust temperature is not cor-
rectly estimated. In Fig. 4, the residual when the dust
temperature is misestimated as Td = 17K, is also over-
laid. This demonstrates that uncertainty in 10% of dust
temperature measurements prevents achieving the B-
mode polarization detection with r = 0.01. The dust
temperature must be measured to an accuracy of a few
percent. Accurate estimation of dust temperature by
observations of far-infrared peaks is important in reduc-
ing systematic errors due to the CMB shadow. It is
interesting to study how the accuracy of dust tempera-
ture measurement is improved by using far-infrared all-
sky diffuse maps provided by an astronomical infrared
satellite, e.g. AKARI (Doi et al. 2015).
5. SUMMARY
The effect of the absorption of the monopole com-
ponent of the CMB by galactic interstellar matter, on
the degradation of the accuracy of the component sep-
aration between the CMB and the foreground compo-
nents, was evaluated for the first time. The amplitude
of the temperature anisotropy caused by the absorption
of the CMB monopole, due to interstellar matter, is su-
perposed on foreground emission as negative emission,
both in intensity and polarization. The CMB shadow
due to galactic dust has a nonnegligible effect on the
high precision measurement. The amplitudes of the tem-
perature anisotropy, caused by the CMB shadow due to
dust components, are about 1µK. This is about 1% of
the RMS value of the first acoustic peak and comparable
to the required noise level to achieve the goal of non-
Gaussianity studies by the next-generation CMB exper-
iments. The amplitude of the polarization caused by
the CMB shadow due to dust is comparable to or larger
than the RMS value of the CMB B-mode polarization
imprinted by primordial gravitational waves. We show
that applying a single-power law model to fit observed
multifrequency dust spectrum data introduces system-
atic errors, comparable to or larger than the required
noise level for the forthcoming CMB B-mode polariza-
tion experiments. Deducing the intrinsic spectrum of
the dust emission, using data for submillimeter wave-
bands, could reduce the systematic error below the re-
quired noise level. This method requires the dust tem-
perature measurements with an accuracy of higher than
a few percent. We conclude that the CMB shadow due
to dust must be considered for future CMB missions to
achieve their targeted sensitivity in detecting of CMB
B-mode polarization.
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